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57 ABSTRACT 
A valve spool characterized by significantly lowerflow 
induced axial force, the force being sufficiently low to 
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1. 

LOWAXIAL FORCE SERVO VALVESPOOL 
STATEMENT OF GOVERNMENT INTEREST 

The invention herein described was made in the 
course of or under a contract or subcontract with the 
Department of the Navy. 
BACKGROUND AND SUMMARY OF THE 

INVENTION 

Since the advent of servomechanical control systems, 
the hardware components and systems developed for 
such automatic control systems have become increas 
ingly complex and costly, particularly those compo 
nents and systems used in guided missiles and aircraft. 
For example, a common missile electromechanical actu 
ator contains over one hundred-fifty different electro 
mechanical parts, many of which parts require high 
precision in the manufacture thereof. The cost of such 
actuation devices is directly related to the required 
manufacturing precision and parts count. Hydraulic 
servomechanical apparatus are similarly complex and 
costly. For example, the commonly used two-stage 
hydraulic amplifier valve, with its many internal parts 
and feedback mechanisms, is widely employed in the 
higher power control range because of its superior per 
formance capability over the simpler and more econom 
ical single stage hydraulic valve. The relative complex 
ity and higher cost of the two-stage valve relative to a 
single stage valve is rarely a deciding factor in the final 
selection of the servo valve for such systems. Improve 
ment in the performance of less complex and less costly 
single stage valves, especially as adapted to the perfor 
mance requirements for missile and aircraft control 
servos, would constitute a significant advance in the art. 
The present invention provides such improvement by 
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restructuring of one of the critical servo components, 
the hydraulic servo valve. The present servo valve is 
capable of meeting the performance requirements for 
modern automatic control systems for aircraft and in 
dustrial applications while being susceptible to manu 
facture by low cost production techniques. 
The present invention provides a hydraulic valve 

spool which, when utilized in a servo valve, achieves 
near zero flow force on a single metering edge without 
the need for precise machining tolerances. Flow reac 
tion force is typically reduced by a factor of eight to one 
over conventional valve edge designs, low valve spool 
reaction forces being attainable within a reasonable 
range of spool manufacturing tolerances. In particular, 
the present valve spool in several embodiments thereof 
is formed with partial circumferential openings, such as 
can be provided through the use of wedge cuts or other 
means for reducing valve flow gain, in combination 
with flow force contouring of the exit portion of the 
flow contour to produce a zero force or low force edge. 
Axial forces acting on the present shaped spool are 
reduced significantly relative to the forces acting on a 
conventional rectangular land spool. The partial cir 
cumferential opening which can be provided inter alia 
by wedge cuts allows metering across a small portion of 
the spool circumference in order to increase valve 
stroke and to minimize leakage. One embodiment of the 
invention provides a spool with a full annulus opening 
capable of low force operation over a relatively short 
valve stroke distance. Essentially then, for a given spool 
motion dynamic range, spool edge manufacturing toler 
ances can be reduced through increasing valve stroke. 
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A preferred manner of achieving an increase of valve 
stroke according to the invention is the provision of a 
wedge cut on at least two of the metering spool edges. 
The wedge cuts can be conveniently formed by grind 
ing symmetrical flats across the valve spool edge to 
form the metering edges. The metering orifice is thus 
defined by the intersection of the insert edge and the 
valve spool flat. 

Accordingly, it is an object of the invention to pro 
vide an improved spool for a hydraulic servomechani 
cal valve and an improved valve characterized in opera 
tion by zero or low force, the improved valve enabling 
the practical utilization of single stage valves capable of 
handling moderate power levels. 

It is a further object of the invention to provide an 
improved valve spool for a hydraulic servomechanical 
valve which is formed with a partial annulus opening on 
the metering edge thereof and with predetermined geo 
metrical contours on the exit contour thereof. 

Further objects and advantages of the invention will 
become more apparent in light of the following detailed 
description of the preferred embodiments of the inven 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an idealized elevational view in partial sec 
tion of a prior art four-way hydraulic valve which illus 
trates a prior attempt to achieve force compensation; 

FIG. 2a is a detail elevational view in section of a 
prior art square-land chamber valve spool and valve; 

FIG. 2b is a graph illustrating a plot of flow force 
characteristics of the prior art valve of FIG. 2a: 

FIG. 3a is a detail elevational view in section of a 
prior art negative-force port compensated valve edge; 
FIG. 3b is a graph illustrating a plot of flow force 

characteristics of the prior art valve of FIG. 3a; 
FIG. 4 is an elevational view in partial section of a 

portion of one embodiment of the present invention, the 
present valve spool being shown in a single-stage valve 
structure and illustrating a partial annulus opening on 
the metering edge of the spool; 

FIG. 5a is an elevational view in partial section of a 
portion of a second embodiment of the invention, a 
relatively shorter valve stroke spool having a full annu 
lus opening being shown; 
FIG.5b is a graph illustrating the flow force charac 

teristics of the full annulus opening, zero force port 
embodiment of FIG. Sa. 
FIG. 6a is an idealized elevational view in partial 

section of a single-stage hydraulic servomechanical 
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valve according to the invention, wherein the valve 
spool is configured to have a partial annulus opening 
and a zero force port; 

FIG. 6b is a perspective of the valve spool of FIG. 6a, 
FIG. 7 is a graph illustrating a plot of the flow force 

characteristics of valve spools having partial annulus 
openings and flow exit angles of varying arcs; 

FIG. 8 is a graph illustrating a plot of flow force 
sensitivity to supply pressure of a partial annulus open 
ing, zero force port valve formed according to the in 
vention; 
FIG. 9a is a detail elevational view in partial section 

of a further embodiment of the invention; 
FIG.9b is a graph illustrating a plot of the flow force 

characteristics of valve spools having partial annulus 
openings according to FIG. 9a and flow exit angles of 
varying arcs; 
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FIG. 10 is a graph illustrating a plot of flow force 
sensitivity to supply pressure of the valve spool of FIG. 
9a 
FIG. 11a is a detail elevational view in partial section 

of another embodiment of the invention; 
FIG. 11b is a graph illustrating a plot of flow force 

sensitivity to supply pressure of the valve spool of FIG. 
11a. 
FIG. 12 is a graph illustrating a plot of the flow force 

characteristics of a four-way valve spool formed ac 
cording to the invention having two 30' wedge cuts on 
the exhaust metering edges thereof; 
FIG. 13 is a graph illustrating a plot of the flow/dis 

placement characteristics of a zero force port valve 
spool formed according to the invention; 
FIG. 14 is a graph illustrating a plot of the flow force 

characteristics across individual metering edges of a 
four-way valve spool formed according to the inven 
tion; and, 
FIG. 15 is a graph illustrating a plot of the load flow 

versus displacement characteristics of a four-way valve 
spool formed according to the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Prior to an actual description of the preferred em 
bodiments of the present invention, it is believed neces 
sary to briefly discuss certain previous teachings of the 
prior art in order that the invention can better be under 
stood and appreciated. Accordingly, FIGS. 1-3b relate 
to the state of the art at the time the present invention 
was made. 
The choice of a hydraulic servomechanical valve for 

a given application depends to a large degree on the 
power level which is to be controlled. For low power 
levels, a single stage spool type valve driven by a torque 
motor or pair of solenoids is typically adequate. As 
power levels are increased to one or more horsepower, 
the performance of a single stage valve becomes mar 
ginal due to higher spool flow forces associated with 
higher power levels, relatively large torque motors or 
solenoids being thereby required to furnish the neces 
sary stroking forces. In such applications, a two-stage 
hydraulic amplifier type servo valve is usually selected 
in order that high spool reaction forces can be over 
come by the high differential force levels available from 
the hydraulic amplifier. A more complex valve thus 
results. However, the more complex valve not only 
meets system requirements but usually has far more 
performance capability than required for the job. A 
conventional square edged spool valve exhibits a steady 
stage flow force which is a function of the flow rate, the 
square root of the pressure drop across the metering 
edge, and the discharge angle of the vena contracta. For 
a conventional valve spool design operating at 3000 psi, 
approximately 0.6 lb of spool reaction force must be 
overcome per horsepower output. Since typical servos 
operate in the power range of 1 to 20 horsepower, a 
significant force of up to 12 lbs may be required in order 
to move the spool to control flow to the actuator. 
Many conventional valve spools utilize a square me 

tering edge to control the flow to and from the actuator 
ports. The spool flow metering orifice is formed by the 
edge of the valve spool and the corresponding edge of 
the valve insert. Flow occurs symmetrically around the 
complete circumference of the spool and gives rise to 
the positive axial closing force on the spool. One early 
study aimed at minimizing this force was reported by 
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Lee and Blackburn in 1952. These researchers, in com 
bined analytical and experimental studies, developed a 
negative flow force contour for the valve spool return 
edge in series with the positive flow induced force on 
the pressure control edge to result in a near zero net 
force on the spool. The spool configuration which 
evolved from this study and achieved a net zero flow 
force is shown in FIG. 1. The valve 10 of FIG. 1 is a 
single-stage valve having the usual fluid supply and 
return conduits 12 and 14 and a load 16 against which 
the valve works. The valve 10 comprises a valve spool 
18 having a positive force metering edge 19 which con 
fronts and partially defines port 21 and a negative force 
metering edge 23 which defines port 20, the edges 19 
and 23 (thus the ports 21 and 20) being in series in an 
effort to produce a zero net force. A detail view of the 
return flow edge port 20 of the spool 18 is seen in FIG. 
3a, the arrows illustrating entrance of the hydraulic 
fluid into contact with the contoured spool. The flow of 
the fluid is thus caused to follow the contours of the 
spool 18, the contours of said spool being chosen to 
produce a desired force compensation. As can be seen in 
FIG. 3b, a typical spool axial force curve for the port 20 
of the spool 18 is shown. The manufacture of a signifi 
cant number of valve spools similar to the spool 18 was 
never achieved due to the extremely rigid manufactur 
ing tolerances required to successfully produce such 
spools and due to non-linearities of flow forces which 
result in the structure. 
The more conventional "square-land' servo spool 22 

is seen in FIG. 2a, a rectangular metering edge 24 of the 
spool 22 controlling flow to and from an actuator port 
26. The port 26 corresponding to the port 21 of FIG. 1. 
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The spool flow metering opening is formed by the cy 
lindrical edge of the valve insert which uncovers the 
cylindrical shape of the spool 22. As seen in FIG.2b, the 
spool 22 is acted upon by positive axial closing forces. 
The rectangular port valve spool arrangement of FIG. 
2a is a widely used structure. However, this structure is 
subject to significant leakage around valve null, high 
flow reaction forces which require large forces to oper 
ate the spool 22, and criticality of alignment of spool-to 
insert metering edges. 

Prior efforts to apply the structures of FIGS. 1 and 2a 
to practical single stage servo valves have not produced 
a useable structure at moderate power levels. The con 
cept underlying the valve 10 of FIG. 1 attempts to 
match a large negative force induced on the contoured 
return edge of the spool 18 with the large positive flow 
force on a conventional square edged pressure control 
edge. This "balancing' concept has not proven practi 
cal due to the extreme difficulty and high cost of manu 
facture of such a structure. The present invention pro 
vides a spool structure which is similar in certain re 
spects to the spools 18 and 22 and which can be practi 
cally and economically produced with a zero force 
contour which is relatively insensitive to manufacturing 
tolerances. The present invention can provide a single 
stage servo valve having a factor of 8 to 1 reduction in 
spool axial force over the equivalent square edged valve 
spool 22 of FIG. 2a, the reduction occurring over a 
wide pressure operating range without valve instability. 
The invention provides valve spools having a full annu 
lus opening or partial annulus openings for flow meter 
ing. The spools with full annulus openings are primarily 
useful for short stroke valve applications while the 
spools with partial annulus openings are useful for 
valves having longer strokes, the partial annulus open 
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ing spools being particularly suitable for single stage 
valves. While the invention will be particularly de 
scribed hereinafter as utilizing a wedge cut to achieve a 
partial annulus opening, it is to be understood that a 
variety of other means can be employed to produce a 5 
partial annulus opening, suitable techniques being com 
mon in the art. As examples, rectangular slots can be 
broached in the valve insert body, flat cuts can be made, 
and broached metering ports can be provided. How 
ever, since wedge cuts can simply and economically be 10 
made by grinding symmetrical flats across the valve 
spool edge to form the metering edges, the several em 
bodiments of the invention which have partial annulus 
openings are shown as having wedge cuts. 

Referring now to FIG. 4, a generalized example of 15 
the invention utilizing a partial annulus opening can be 
seen. A spool 30 is seen to be received within a valve 
housing 32 having a fluid supply inlet 34 and outlet 36, 
the housing 32 and fluid supply system being configured 
according to common prior art teachings. The spool 30 20 
is configured to have a partial annulus opening about 
circumferential metering edge 38, the partial annulus 
opening being typically provided by wedge cuts 40 
which, in this example, are spaced 180 apart. The spool 
30 is further formed with a near zero force port contour 25 
at 42, the contour 42 being selected within a range of 
angular values to form a desired flow exit angle 44, the 
angle 44 being that angle included between the intersec 
tion of the line defined by the body of the spool 30 and 
the extended slope of the contour 42. The contour 4230 
can be formed to provide ranges of angular values for 
the flow exit angle 44 as will be further described here 
inafter. Use of a partial annulus opening as provided by 
the wedge cuts 40 allows achievement of a near Zero 
force port as well as low null leakage in a long stroke 35 
valve. While the wedge cuts 40 are shown in FIG. 4 to 
be 30' cuts, a range of angular values for the cuts 40 can 
be utilized as will be further described hereinafter. 
A typical single stage valve according to the inven 

tion is seen in FIG. 6a at 50 while a spool 60 configured 40 
according to the invention is shown also in FIG. 6b. 
The spool 60 of FIG. 6b is a typical spool which can be 
used in the valve 50 of FIG. 6a. The valve 50 of FIG. 6a 
comprises a valve housing 52 and fluid supply and re 
turn conduits 54 and 56 respectively, the valve arrange- 45 
ment working against a load 58 in a well-known fashion. 
The spool 60 is seen to be formed with wedge cuts 62 on 
circumferential metering edges 64. The spool 60 is fur 
ther formed according to the teachings of FIG. 4 to 
have contours 66 which produce a desired flow exit 50 
angle to provide an essentially zero force port. The 
spool 60 is seen to have 30' wedge cuts 62 in a manner 
similar to the 30' wedge cuts 40 of FIG. 4. The wedge 
cuts could vary as is illustrated in FIG. 9a, wedge cuts 
72 in spool 70 having angles at 45°. The angles of the 55 
wedge cuts utilizable in the invention can vary at least 
between 25 and 55, other angles being possible. An 
gles of 30 and 45 have performances indicated in 
graphic form herein, these graphs to be described here 
inafter. 60 
Valve spools according to the invention and config 

ured with two diametrically spaced 30 wedge cuts on 
metering edges according to the teachings of FIG. 4 
have the flow force characteristics shown in FIG. 7, the 
flow exit angles 44 being varied between 30 and 90'. 65 
Flow exit angles 44 between 71 and 90 result in flow 
forces of less than +0.75 pound. FIG. 8 illustrates the 
sensitivity of flow force to supply pressure of the valve 

6 
spools so configured, pressure drop being varied from 
1500 psi to 3000 psi across the metering edge and result 
ing in negligible force variation. The data presented in 
FIGS. 7 and 8 illustrate that an essentially zero force 
port is formed by the teachings of the invention. The 
structure so provided is reproducible and is free of 
valve instabilities. 
FIG. 9b illustrates the flow force characteristics of 

valve spools configured according to the spool 70 of 
FIG. 9a. Two 45' wedge cuts spaced 180° apart on 
circumferential metering edges are provided, the flow 
exit angle being varied between 70 and 90'. The spools 
so configured have less flow force compensation for 
flow exit angles between 80' and 90' and have an ex 
tremely small maximum flow force (<0.2 pound) for 
the 70 exit angle. FIG. 10 illustrates the minimal varia 
tion in sensitivity of the valve of FIG. 9a to supply 
pressure, the plot showing data for 1500 psi and 3000 psi 
supply pressure. Data for 500, 1000, and 2000 psi pres 
sures fall within the same range. 
FIG. 11a shows a spool 80 in a valve housing 82, the 

spool 80 being formed with four 30' wedge cuts 84 
spaced 90' apart about circumferential metering edge 
86. FIG. 11b illustrates the sensitivity to flow force of 
the valve of FIG. 11a when subjected to supply pres 
sures of 1500 psi and 3000 psi. The maximum force for 
this valve is slightly less than 0.15 pound. 

FIG. 12 illustrates the total axial force characteristics 
for a complete four-way valve, such as shown in FIGS. 
6a and 6b, configured similarly to the valve of FIG.11a, 
but with two 30 wedge cuts rather than four. The total 
force of this valve is seen to fall in the same low force 
range as does the previously described valves. The 
valve has no valve instabilities and has the flow charac 
teristics shown in FIG. 14 and the flow/displacement 
characteristics shown in FIG. 15 as will be described 
further hereinafter. 

In addition to the flow reaction force considerations 
discussed above, important consideration is that of man 
ufacturing and maintaining valve precision edges with 
negligible leakage. This consideration is particularly 
significant for hydraulic systems whose operating pres 
sures are projected to increase from the present 
3000-4000 psi operating range to 6000-9000 psi. One 
technique known to minimize leakage and reduce manu 
facturing tolerances on valve spool and insert edges is 
to configure the valve porting to increase the operating 
stroke of the valve spool, this being accomplished by 
restricting the flow to a portion of the spool circumfer 
ence rather than the full circumference. Increase of 
valve stroke by a factor of 2 to 5 may be accomplished 
in this manner. Some of the manufacturing techniques 
which have been utilized in the past include broaching 
of control slots in the insert, drilling a series of small 
holes in the insert, and specially configured spools to 
provide a partial opening. 

In the majority of the present structures, spool edge 
contouring is used to channel flow over a portion of the 
valve spool circumference. As described previously, 
the simplest method to achieve this partial annulus 
opening is the use of a wedge cut across the metering 
edges of the spool. Although such wedge cuts are easy 
to machine, it would be believed by one skilled in the art 
that the three-dimensional geometry of the metering 
edge formed by the intersection of the spool wedge cut 
and the insert full annulus edge would be highly nonlin 
ear. The spool displacement-flow data shown in FIG. 
13 taken on the spool 30 of FIG. 4 with wedge cuts 
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indicates that the nonlinearity is small and is acceptable 
for most servo systems. Combining the wedge cut and 
the zero-force compensation contour, as described 
above, results in a spool edge configuration with low 
flow reaction forces as well as low spool null leakage. 
The wedge cut in the present spools increases the full 
stroke of valve spool to approximately 0.040 inch as 
compared to 0.010 inch for a nominal valve. 

In an effort to quantify the leakage characteristics of 
the embodiments of the present valve spools, one valve 
spool was configured as aforesaid as a complete four 
way valve with two 30' wedge cuts as mentioned rela 
tive to FIGS. 12, 14 and 15. The two edges adjacent to 
the pressure input port were of the full annulus opening 
design with the pressure drop controlling edges located 
in the return circuit of the valve, thereby providing 
control of the actuator similar to that of a three-way 
servo valve. During valving, one side of the actuator is 
connected to the pressure supply line with minimal 
pressure drop, due to the rectangular edge, while the 
partial annulus return orifice controls the flow rate. The 
flow versus spool displacement characteristics were 
measured for each of the return control edges indepen 
dently and these data are given in FIG. 14 for the region 
--0.003 inch around the null position. Finally, the valve 
was connected as a four-way valve and the net flow to 
the actuator was measured. This data is given in FIG. 
15. The net leakage flow was found to be 0.02 in/sec., 
or approximately 0.1% of full flow range. This leakage 
value is approximately a factor of ten below that for a 
typical hydraulic amplifier type valve of the same flow 
capacity. These data verify the anticipated low leakage 
characteristics of the embodiments of the invention. 

Referring now to FIG. 5a, a spool 90 is shown to 
have a full annulus opening on the metering edges 
thereof. As seen in the drawing, a contour 92 which 
achieves a near zero flow force has a symmetrical de 
sign utilizing a 28' angle from the horizontal axis of the 
spool 90 for both entry and exit flow. The reduction in 
flow force achieved by the spool 90 is shown in FIG. 
5b. Although this embodiment of the invention achieves 
a desired low spool flow reaction force, undesirable null 
edge leakage and edge tolerances characterize the struc 
ture, thereby causing said spool 90 to be useful primarily 
for short stroke valve applications. For most short 
stroke applications, the angle of the contour 92 can 
range between 25 and 30. 
The present invention provides hydraulic servome 

chanical apparatus whereinsteady state flow forces and 
null leakage are reduced. The various embodiments of 
the invention were subjected to testing to provide a 
measurement of spool axial force, flow rate and valve 
spool displacement. The valve spool/insert assemblies 
of the invention were tested to permit flow across a 
single metering edge of the valve. To minimize the 
effect of spool/sleeve friction on the test data, the 
spools were rotated at 500 to 1000 rpm by means of a 
slip coupling to a hydraulic rotary motor, the rotation 
resulting in a hydrodynamic bearing supporting the 
spools. A differential screw was utilized to smoothly 
move the spools to allow time continuous data measure 
ment of force, flow, and spool displacement to be re 
corded on an x-y plotter. The driving mechanism was 
spring loaded against the spools in order to avoid back 
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lash effect, the preload being reduced to zero prior to 
certain tests in order to check for valve spool instabili 
ties. Exciting the spool with a small axial force under 
these conditions did not result in valve instabilities at 
any operating pressure to 3000 psi. 

It is to be understood that the invention can be prac 
ticed other than as specifically shown and described 
herein. For example, the angles of the wedge cuts and of 
the flow contours can vary within ranges especially 
since the primary teaching of the invention is that a 
combination of a chosen annulus opening, particularly a 
partial annulus opening, on the metering edge, with 
flow force contouring allows economical manufacture 
of a spool which renders practical single stage servo 
values for a number of applications wherein only two 
stage valves could previously be used. The invention is 
therefore to be limited only by the scope of the ap 
pended claims. . 
What is claimed is: 
1. In a hydraulic valve having a valve housing defin 

ing a valve chamber, said housing to be connected to a 
source of fluid under pressure for transmission of said 
fluid to a valve outlet defined by said housing, a seat 
formed by said housing, a valve spool mounted for 
movement in said housing, said spool having a mating 
annular seat sealing against the housing seat, transmis 
sion of said fluid producing an axial force on said spool 
definable as a force vector, the improvement residing in 
that the valve spool has partial annulus openings on 
flow metering edges thereof to partially reduce the axial 
force on said spool, and shaped geometrical contours 
disposed in said valve spool for defining return flow 
edges thereof, said geometrical contours extending axi 
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ally forward of said metering edges relative to the flow 
of said fluid, said geometrical contours configured to 
alter the force vector of said fluid on said spool, said 
annulus openings and said contours producing a sub 
stantially zero force port between the housing seat and 
the mating annular seat, the port being relatively free of 
fluid leakage. 

2. The valve of claim 1 wherein the partial annulus 
openings comprise wedge cuts formed in the flow me 
tering edges of the spool. 

3. The valve of claim 2 wherein the plane of the 
wedge cuts are formed at an angle with respect to the 
extended exterior surface of the spool, the angle of the 
wedge cuts being predetermined from the range of 25 
to 55. 

4. The valve of claim 3 wherein the shaped geometri 
cal contour defines a return flow edge which forms a 
flow exit angle which lies in the range of 60 to 85. 

5. The valve of claim 4 wherein the wedge cuts are 
diametrically oppositely disposed on the flow metering 
edge and form an angle of 30, the flow exit angle lying 
in the range of 70 to 80. 

6. The valve of claim 4 wherein the wedge cuts are 
diametrically oppositely disposed on the flow metering 
edges and form an angle of 45, the flow exit angle lying 
in the range of 60 to 75. 

7. The valve of claim 1 wherein the shaped geometri 
cal contour defines a return flow edge which forms a 
flow exit angle which is predetermined and lies in the 
range of 60 to 85. 

is : 


